INTRODUCTION
Brains comprise diverse neuronal cell types that are interconnected through precise patterns of synaptic connections to form functional neural networks. How different neurons distinguish between one another during circuit assembly is poorly understood. Several large families of homologous cell recognition proteins arising through alternative splicing or gene duplication have been shown to play important roles in neural circuit formation and function (Shapiro et al., 2007; Sü dhof, 2008; Zipursky and Sanes, 2010) . Although different isoforms of several of these protein families, clustered protocadherins and neurexins in mammals and Dscam1 proteins in Drosophila, exhibit isoform-specific binding properties in vitro (Boucard et al., 2005; Schreiner and Weiner, 2010; Wojtowicz et al., 2007) , whether this specificity is required in vivo remains unknown. Here we address whether the exquisite binding specificity of Dscam1 proteins is essential for their function in neural circuit assembly.
The Drosophila Dscam1 gene encodes many protein isoforms of the Ig superfamily through alternative splicing (Schmucker et al., 2000) . This includes 19,008 potential ectodomains tethered to the membrane by two alternative transmembrane segments (Schmucker et al., 2000) . Each isoform is defined by a unique combination of three variable Ig domains, numbered from the N terminus as Ig2, Ig3, and Ig7 ( Figure 1A ). Biochemical studies showed that isoforms bind in trans to an identical isoform but only weakly or not at all to different isoforms (Wojtowicz et al., 2004 (Wojtowicz et al., , 2007 . These data, together with structural studies, led us to propose that modular matching at all three variable domains (Ig2:Ig2, Ig3:Ig3, and Ig7:Ig7) gives rise to exquisite homophilic binding specificity (Meijers et al., 2007; Sawaya et al., 2008; Wojtowicz et al., 2004 Wojtowicz et al., , 2007 .
Genetic studies support the notion that Dscam1-mediated homophilic recognition plays a key role in neural circuit assembly by providing the molecular basis for self-avoidance (Hattori et al., , 2009 Hughes et al., 2007; Matthews et al., 2007; Soba et al., 2007; Wang et al., 2002; Zhan et al., 2004; Zhu et al., 2006) . Self-avoidance refers to the tendency of neurites of the same cell to avoid each other (Kramer and Kuwada, 1983) . Analysis of mutants encoding reduced numbers of isoforms established that thousands of isoforms are required for self-avoidance (Hattori et al., , 2009 . Expression data from several neuronal cell types are consistent with each cell expressing a unique combination of Dscam1 isoforms, thereby endowing each neuron with a distinct cell-surface identity Zhan et al., 2004) . Based on these studies, we proposed that self-neurites express the same isoforms, bind to each other, and are subsequently repelled. By contrast, because neurites of different neurons express different isoforms, Dscam1 does not mediate interactions between them (Hattori et al., 2008) .
Although isoform-specific homophilic recognition is the linchpin of models for Dscam1 function, whether this biochemical property is required in vivo is unknown. In this paper, we use a combined biochemical and genetic approach to address this issue. 
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Generation of Ig2 Chimera Pair One: 3C and 4C (A) Dscam1 encodes a large family of isoform-specific homophilic binding proteins. The Dscam1 gene contains four blocks of alternative exons, which encode the first halves of Ig2 (purple) and Ig3 (orange), the entire Ig7 (green), and the transmembrane domain (yellow). Only one alternative from each block is included in a mature mRNA. Ovals, Ig domains; gray rectangles, fibronectin type III domains (FNIII); yellow rectangle, transmembrane domain (TM). The inset shows schematic representations of the homophilic Ig2 interface using Ig2.1 as an example: the Ig2-Ig2 interface includes residues 107-114 (Meijers et al., 2007; Sawaya et al., 2008) . All the amino acids within this segment for Ig2.1 are shown (i.e., both surface and inward-directed residues) on both sides of the symmetry center (SC (Hartman and Roth, 1973) .
To generate pairs of isoforms with altered binding specificities, we focused on the Ig2 interface, because it is the most extensively characterized of the three variable domain interfaces (Meijers et al., 2007; Sawaya et al., 2008; Wojtowicz et al., 2007) . Each specificity interface of the Ig2 domains comprises a different 8-amino-acid b-strand segment (positions 107-114). These unique sequences align in a 2-fold symmetric fashion with a symmetry center and two identical complementary networks that fit together by shape and charge complementarity ( Figure 1A) .
As a first step toward generating pairs of novel isoforms in which specificity was converted from homophilic to heterophilic, we compared the Ig2 interface segments from Dscam1 and Dscam paralogs 2-4 in various insects and vertebrate paralogs DSCAM and DSCAML1 (i.e., 89 interface sequences from 39 species) to identify pairs of interface segments with the following properties: (1) they share the same symmetry center (position 111), (2) each contains amino acids of opposite charge at interface residues flanking the symmetry center (i.e., positions 109 and 112), and (3) the charges at positions 109 and 112 in one interface are the opposite of those found at the other interface ( Figures 1B and 1C) . By swapping parts of interfaces with these properties, we reasoned that we could create chimeric interface segments that would disrupt self-pairing, while simultaneously directing pairing to a complementary yet different interface chimera.
One example of such an interface chimera is shown in Figure 1B . A Drosophila Ig2 and silkworm Ig2 interface share an asparagine at position 111, the Drosophila sequence has an aspartic acid at position 109 and a lysine at 112, and the silkworm sequence has an arginine at position 109 and an aspartic acid at 112. Two unique half-interface segments were then created by flanking the shared symmetry center with amino acids 108-110 and 112-114 from the Drosophila and silkworm sequences, respectively. We predicted that the resulting chimeras would not support self-binding due to charge incompatibility ( Figure 1B ) but that the two chimeras would bind to each other, because the contacts on each half-interface were seen in a wild-type interface. Two pairs of complementary chimeric interface segments (indicated Ig2.3C/Ig2.4C and Ig2.10C/Ig2.11C) were introduced through mutagenesis of Drosophila Ig2 domains with the most similar interfaces ( Figures  1B and 1C ; also see sequence alignment in Figure 1D ).
Chimeric Interface Segments Convert Homophilic to Heterophilic Binding Specificity
To test the binding specificity of each altered variable domain, we inserted complementary pairs of Ig2 interfaces into ectodomains comprising the same Ig3 and Ig7 domains to generate pairs of closely related chimeric isoforms. We first assessed interactions by using the ELISA-based binding assay in which Dscam1 protein ectodomains were clustered in cis in a limited fashion (presumably tetramers) (Wojtowicz et al., 2007) . The binding of two ectodomains each comprising the N-terminal ten domains was tested as previously described (Wojtowicz et al., 2007) . Wild-type isoforms exhibited strong homophilic interaction, but homophilic binding of each chimera was reduced to background levels ( Figure 1D ). Importantly, heterophilic binding of each chimera pair was observed at a similar level to that observed with homophilic binding of the control wild-type isoforms.
To gain a more quantitative measure of binding specificity, we performed analytical ultracentrifugation (AUC). Binding of chimeric isoforms was assessed by using fragments of the homophilic binding region of Dscam1 containing the N-terminal eight Ig domains. Previous studies that used different assays have shown that these fragments, which encompass the three variable domains, exhibited binding properties indistinguishable from full-length ectodomains (Wojtowicz et al., 2004) . Sedimentation equilibrium AUC experiments showed that the wild-type isoforms homodimerized strongly with K D values of 1 mM for Dscam1 10.27.25 (shorthand nomenclature for the isoform comprising Ig2.10, Ig3.27, and Ig7.25) and 2.1 mM for Dscam1 3.31.8 (Table 1) . By contrast, homodimers were not observed with isoforms containing chimeric Ig2 domains, as indicated by the results of both sedimentation equilibrium (Table 1 ) and sedimentation velocity (see Figure S1 available online) AUC experiments. We then measured heterophilic binding between complementary pairs of chimeras in both velocity and equilibrium AUC experiments. As predicted, each pair of complementary chimeras bound to each other with affinities similar to wild-type homodimers; the Ig2.3C-containing isoform bound to the Ig2.4C-containing isoform with a K D of 1 mM, and the Ig2.10C-containing isoform bound to the Ig2.11C-containing isoform with a K D of 4.6 mM. These data argue that the segments gives rise to chimeric interface sequences that we predicted would not bind homophilically due to the lack of self-complementarity. Instead, chimeric Ig2 domains were predicted to bind heterophilically. The + and À signs refer to the charges at residues 109 and 112. Construction of these interfaces was done by modifying sequences within Drosophila Dscam1 Ig2.3 and Ig2.4 domains (to generate Ig2.3C and Ig2.4C, respectively, where ''C'' denotes chimera). (C) Design and interface sequences of Ig2.10C and Ig2.11C were analogous to (B). Yellow fever mosquito, Aedes aegypti; aphid, Acyrthosiphon pisum. (D) Binding properties of Dscam1 ectodomains containing wild-type and chimeric Ig2 domains are represented as fold binding over background using an ELISA-based assay. Wild-type and chimeric Ig2.3 and Ig2.4 were tested in the context of Ig3.31 and Ig7.8. Wild-type and chimeric Ig2.10 and Ig2.11 were tested in the context of Ig3.27 and Ig7.25. loss of homophilic binding is not due to more global changes in protein conformation, but rather to an alteration in binding specificity. Our results indicate that matching Ig3 and Ig7 is not sufficient to form dimers within the detection limit for equilibrium AUC (i.e., <500 mM). These quantitative analytical studies support the view, based on our previous ELISA-based assays, that the vast majority of Dscam1 isoforms show little binding to isoforms with a markedly different interface at only a single variable domain.
In summary, isoforms containing chimeric Ig2 domains exhibit altered recognition specificities with a profound loss of homophilic binding that is accompanied by a gain of heterophilic specificity between isoforms containing complementary chimeric Ig2 domains. Some degree of homophilic binding of chimeric isoforms was observed when isoforms were overexpressed in S2 cells ( Figure S2 ). Whether this reflects a limited ability for interactions when proteins are presented on the cell surface, is a result of overexpression, or both is unknown.
Homophilic Binding of Dscam1 Isoforms Is Necessary for Self-Avoidance
The chimeric isoforms with altered binding specificities provided us with a unique opportunity to definitively test the notion that specific recognition between Dscam1 isoforms on sister neurites is necessary to promote self-avoidance. As a first step toward addressing this issue, we sought to knock in the chimeric isoforms into the endogenous locus; expression from the endogenous locus would ensure that the gene is expressed at the same level and spatiotemporal pattern as the wild-type gene. To do this, we combined knockin technology ( Figure S3A and Experimental Procedures) and intragenic mosaic analysis with a repressible cell marker (iMARCM) ( Figure S3B ) to drive expression of a chimeric isoform from the endogenous locus in single cells.
Two chimeric isoforms, Dscam1 10C.27.25 and Dscam1 3C.31.8 , were knocked into the endogenous locus. These alleles exhibited similar properties and, therefore, we refer to them collectively as Dscam1 single chimera . For each chimera, the function of a control knockin allele encoding the corresponding wild-type Ig2 domain and the same Ig3 and Ig7 domains was assessed. We refer to these alleles likewise as Dscam1 single . Knockin alleles were confirmed by genomic sequencing (Experimental Procedures). These alleles were generated in a two-step process. In the first step, a single cDNA fragment encoding one ectodomain was introduced into the locus, replacing all of Dscam1 ectodomain diversity. This gene segment was maintained in the germline as an incomplete allele ( Figure S3A ). In a second step, termed iMARCM, intragenic recombination was induced in somatic cells to generate a fully resolved single isoform-encoding genomic allele in a single cell, in which this allele provided the only source of Dscam1 expression ( Figure S3B ). These single cells, selectively labeled with green fluorescent protein (GFP), were surrounded by unlabeled neighboring cells containing the wild-type allele expressing the full complement of Dscam1 diversity. Fully resolved germline versions of both chimeric alleles were difficult to obtain. We generated a full-length germline version of one chimeric allele, however, encoding the Ig2.10C-containing isoform to assess protein expression (i.e., Dscam1 10C.27.25 ) (we were unable to generate a fully resolved germline allele for the other chimera, Dscam1 3C.31.8 , for unknown reasons). Dscam1 10C.27.25 protein was expressed at the same level ( Figure S4A ) and in a similar distribution in the embryonic nervous system ( Figure S4B ) to both the corresponding control knockin with a single wild-type isoform and the wild-type endogenous locus expressing full Dscam1 diversity. Both chimeric alleles were analyzed by using iMARCM to assess their ability to rescue self-avoidance in axons and dendrites. Dscam1 mediates self-avoidance between dendrites of dendritic arborization (da) neurons (Hughes et al., 2007; Matthews et al., 2007; Soba et al., 2007) . There are four classes of da neurons, each identifiable by its cell-body position and dendritic morphology (Grueber et al., 2002) . To assess the role of homophilic binding in dendrite self-avoidance, we used iMARCM to generate single da sensory neurons that expressed only one Dscam1 isoform surrounded by wild-type cells. As previously described, sister dendrites (i.e., dendrites from the same cell) from a Dscam1 null da neuron overlapped extensively (Matthews et al., 2007) (Figures 2A and 2C ). Dscam1 single rescued the self-avoidance defects in class I neurons. By contrast, the ability of Dscam1 single chimera to rescue the phenotype was compromised (Figures 2A and 2C) . Similar results were obtained by using iMARCM to assess the function of chimeric isoforms in class III neurons ( Figure S5 ). In class I neurons, one of the Dscam1 single chimera alleles, Dscam1 3C.31.8 , did not rescue the phenotype significantly, while the other, Dscam1 10C.27.25 , showed considerable rescue (see below). The ability of the chimeric isoforms to rescue self-avoidance in axons was assessed in mushroom body (MB) neurons (Wang et al., 2002; Zhan et al., 2004) . The MB is a central brain structure containing some 2,500 neurons. The axons of most MB neurons bifurcate with one axon branch extending dorsally and the other medially. In Dscam1 null single cells in an otherwise wild-type background, the two branches frequently failed to segregate from each other and projected into the same lobe ( Figures 2B  and 2D ). Although a single arbitrarily chosen isoform rescued the mutant phenotype in iMARCM , both Dscam1 single chimera alleles showed little rescue activity ( Figures   2B and 2D ). In summary, the ability of one chimeric isoform, Dscam1 3C.31.8 , to rescue self-avoidance in either dendrites or axons was Figure S5 ) was markedly compromised, this isoform exhibited considerable rescue activity in dendrites of class I da neurons (Figures 2A and 2C ). Whereas homophilic binding was not detected for this isoform in either AUC or the ELISA-based assay, substantial binding was observed in the cell aggregation assay ( Figure S2 ). This finding raises the possibility that, within the context of a cell membrane, Dscam1 isoforms with the same Ig3 and Ig7 domains but differing at the Ig2 domain may in some cell types be sufficient to mediate recognition between sister neurites and, as a consequence, repulsion between them.
Heterophilic Binding between Complementary
Chimeras in the Same Cell Restores Self-Avoidance Presumably, the chimeric Dscam1 isoforms fail to rescue the Dscam1 null phenotypes because these isoforms were unable to bind to each other and thus to elicit a repulsive response. Alternatively, the chimeras may fail to rescue for other reasons unrelated to altered binding specificity. To definitively test whether binding between isoforms on opposing neurites of the same cell is essential for self-avoidance, we sought to assess whether cells expressing complementary chimeras reverse the effects of the branching defects seen in Dscam1 null mutants. To test for complementation, we used conventional MARCM analysis to generate single Dscam1 mutant-labeled cells coexpressing cDNAs encoding complementary chimeric isoforms. These experiments were restricted to analyzing axon selfavoidance in MB neurons, because da neuron dendrite selfavoidance is not efficiently rescued by targeted expression of cDNAs that encode wild-type isoforms using MARCM (W.B. Grueber, personal communication). Presumably, this reflects the perdurance of GAL80, which prevents adequate levels or appropriate timing of expression of Dscam1 from cDNA transgenes in these cells to support self-avoidance. Note, however, that we were able to assess the requirement for homophilic binding in da neurons from the knockin alleles by using iMARCM, as reported in the previous section, because expression from the endogenous locus does not rely on GAL4. Unfortunately, iMARCM does not facilitate expression of two chimeric isoforms encoded at the endogenous locus in the same cell. Thus, to test for cell-autonomous rescue of selfavoidance by complementary isoforms, we used MARCM analysis in MB neurons. cDNAs that encode Dscam1 isoforms, both wild-type and chimeras, were placed under the control of the upstream activating sequence (UAS) enhancer and were inserted into a defined genomic position through phiC31 site-specific recombination (Groth et al., 2004) . Different isoforms were expressed at similar levels as assessed by western blots of extracts that were prepared from embryos in which UAS expression was driven by a panneuronal GAL4 transgene (data not shown). Consistent with iMARCM experiments (Figures 2 and S5) , expression of two copies of any of the four chimeras only provided weak selfavoidance activity in Dscam1 null MB neurons ( Figure 3A) . Expression of either pair of complementary isoforms (i.e., a single copy of each UAS transgene inserted into the same site on two homologous chromosomes), however, rescued the branch segregation defect to a similar extent to the wild-type transgenes ( Figure 3A) . Thus, Dscam1 acts in a cell-autonomous fashion through direct binding of complementary protein domains on sister neurites of the same cell ( Figure 3B ). These data establish that binding between matching isoforms is essential for Dscam1 function in vivo.
Ectopic Expression of Complementary Isoforms Induces Repulsion between Processes of Different Cells
If Dscam1 isoform-specific recognition does, indeed, play an instructive role in self-recognition, then expressing two different, yet complementary, isoforms on neurites of different cells should also elicit a repulsive response between them. To test this, we expressed chimeric isoforms alone or in combination with a complementary isoform in da neurons and explored the dendritic arbor patterns elaborated by class III (v'pda) neurons relative to the dendrites of class I (vpda) neurons (Figure 4) . In wild-type animals, the class I dendritic arbor pattern is established first (Soba et al., 2007) . Subsequently, the class III neurons elaborate dendrites, which overlap with the dendrites of class I neurons (Hughes et al., 2007; Matthews et al., 2007; Soba et al., 2007) (Figures 4A and 4E) . Expression of a wildtype Dscam1 isoform in both cells induced repulsion and, as a result, there were few overlaps between their dendrites (Hughes et al., 2007; Matthews et al., 2007; Soba et al., 2007) ( Figures 4B and 4E ). Only weak ectopic repulsion was seen in response to expression of each Dscam1 chimera ( Figures 4C  and 4E ). Although we speculated previously that weaker binding between isoforms might promote an adhesive interaction (Wojtowicz et al., 2004; Zhan et al., 2004) , the modest decrease in overlap seen in response to ectopic expression of each chimera on its own suggests that even weak binding between isoforms promotes repulsion, albeit at an attenuated level. By contrast, coexpression of complementary chimeras induced ectopic repulsion between the dendrites of different cells similar to wild-type isoforms ( Figures 4D and 4E) . Thus, selective recognition between isoforms is sufficient to induce ectopic repulsion between processes of different cells.
Conclusion
Dscam1 is among a small group of very large families of cell recognition molecules (e.g., neurexins and clustered protocadherins) with diverse binding specificities, which are important for the assembly and function of neural circuits. To critically assess whether it is the isoform specificity of these interactions that is crucial for their function in vivo, it will be necessary to selectively manipulate binding specificity between isoforms. As we describe here, the use of structural and biochemical data to generate pairs of complementary isoforms with altered specificities provides an effective way to directly address the biological relevance of this recognition.
EXPERIMENTAL PROCEDURES Fly Stocks
Chimeric knockin alleles were generated and maintained as previously described . The stocks used in misexpression experiments in da sensory neurons are UAS-Dscam1 stocks and hsFLP; Gal4 109 (2)80 ; UAS > CD2 > mCD8-GFP. The stocks used in MARCM were hsFLP, elav-Gal4, UASmCD8-GFP; FRT42D, tub-Gal80/CyO, and those used in iMARCM were hsFLP, elav-Gal4, UAS-mCD8-GFP; Dscam1
FRT , tub-Gal80/CyO.
Biochemical Characterization
Mutations were introduced into the corresponding wild-type isoforms with the QuickChange Site-Directed Mutagenesis Kit (Stratagene). The ELISA-based binding assay was performed as previously described (Wojtowicz et al., 2007) . Cell aggregation assays were performed as previously described (Matthews et al., 2007) . Immunoblots were performed by using mAb antiDscam1 (11G4) at 1:2,000 dilution.
Analytical Ultracentrifugation
Sedimentation Equilibrium Measurements AUC equilibrium experiments were performed at 25 C by using a Beckman XL-A/I ultracentrifuge equipped with a Ti60An rotor. Data were collected by using UV absorbance at 280 nm. Samples of each protein, at concentrations of 0.7, 0.46, and 0.24 mg/ml, were dialyzed in a PBS buffer, pH 7.4 for 16 hr at 4 C, and 120 ml aliquots of each concentration were loaded into six-channel equilibrium cells with parallel sides and sapphire windows. Samples were spun at 8,000 rpm for 20 hr, after which four scans were collected at a rate of one per hour. The rotor speed was then increased to 10,000 rpm for 10 hr, after which four additional scans were collected at the same rate. The speed was further increased to 12,000 rpm for another 10 hr, and four more scans were recorded under the same conditions. During the last step, the rotor speed was increased to 14,000 rpm for four more scans, resulting in a total of 16 scans for each concentration and 48 scans per protein. Each experiment was reproduced at least twice. The data were processed and analyzed by using HeteroAnalysis 1.1.44 software (http://www.biotech.uconn.edu/auf), and buffer density and protein v-bar values were calculated by using the SednTerp (Alliance Protein Laboratories) software. The data for all concentrations and speeds were globally fit by using nonlinear regression to either a monomerdimer equilibrium model (A + A for homodimeric and A + B for heterodimeric interactions) or an ideal monomer model. Sedimentation Velocity Measurements AUC velocity measurements were performed in a Beckman XL-A/I ultracentrifuge by using a Ti60An rotor. Interference at 660 nm was used for detection. Protein samples at 1 mg/ml were loaded into 12 mm two-channel tapered cells with sapphire windows, and the rotor containing the samples was subsequently spun at 40,000 rpm at 25 C for 4 hr. A minimum of 300 scans were recorded at 2 min intervals. The velocity data were processed by using the SedFit version 12.1b software (https://sedfitsedphat.nibib.nih.gov).
Transgenes
A Dscam1 cDNA encoding the full-length isoform 7.27.25.2 with 23 flag tags that were inserted in frame into exon 18 was isolated as a 6 kb XbaI restriction fragment that was blunt end ligated into the XbaI site of the Drosophila transgene vector pUASTB (Groth et al., 2004) . Expression constructs encoding other Dscam1 cDNAs were subsequently created by replacing the 2 kb Acc65I-SapI fragment that contained the 7.27.25 sequence with a 2 kb Acc65I-SapI fragment that encoded other wild-type or chimeric isoform ectodomain sequences. Transgenes were generated through a phiC31 recombinase-mediated system into the attP2 site on the third chromosome (Groth et al., 2004) .
Homologous Recombination
Dscam1 homologous recombinant alleles were generated through a genetargeting strategy that was essentially the same as previously described ; UAS > CD2 > mCD8-GFP. The progeny were heat shocked to achieve differential labeling in different neurons as described previously (Matthews et al., 2007) . For iMARCM, clones were generated by using heat-shock-mediated expression of FLP recombinase to trigger mitotic recombination between FRT sites on the modified Dscam1 locus. iMARCM analysis in MB neurons was performed as previously described . iMARCM analysis in da sensory neurons was performed by using essentially the same developmental stage and heat-shock procedure as previously described for MARCM analysis (Matthews et al., 2007) . Dscam1 null clones in MB and da neurons were generated as previously described (Zhan et al., 2004; Matthews et al., 2007) .
Immunohistochemistry
The following antibodies were used for immunohistochemistry: mAb anti-rat CD2 (1:100, Serotec), mAb anti-FasII (1D4, 1:10), mAb anti-Dscam1 (11G4, 1:500), rabbit anti-GFP (1:1,000, Molecular Probes), Cy5-conjugated goat anti-HRP (1:200, Jackson ImmunoResearch Laboratories), Alexa 488-conjugated goat anti-mouse (1:200, Molecular Probes), and Alexa 568-conjugated goat antirabbit (1:200, Molecular Probes). For mushroom body imaging, late pupal or adult brains were dissected and immunostained as previously described (Zhan et al., 2004) . For da sensory neuron imaging, third-instar larvae were dissected and immunostained as previously described (Grueber et al., 2002) . Stage 16 embryos were fixed and immunostained as previously described (Kidd et al., 1998) .
Image Acquisition and Analysis
Images were acquired on a Zeiss 510 Meta confocal miscroscope. Statistical analysis of da neuron phenotypes was performed in R (R Development Core Team, 2006) . Quantification of MB neuron phenotype was done by using a two-tailed Fisher's exact test.
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